Abstract-Lowering of temperature applied during the course of the tonic con traction of high-K-induced contracture of guinea-pig vas deferens induced an increase in tension which was sensitive to extracellular Ca. Verapamil and nifedipine inhibited the tonic contraction and cooling-induced tension development. Min 21 and La 3+ also showed inhibiting actions on the tonic contraction, which, however, was followed by slow re-elevation of the tension. Cooling treatment caused relaxation in the presence of either ion, which increased with repetition of the cooling treatment.
Accepted August 20, 1983 Abstract-Lowering of temperature applied during the course of the tonic con traction of high-K-induced contracture of guinea-pig vas deferens induced an increase in tension which was sensitive to extracellular Ca. Verapamil and nifedipine inhibited the tonic contraction and cooling-induced tension development. Min 21 and La 3+ also showed inhibiting actions on the tonic contraction, which, however, was followed by slow re-elevation of the tension.
Cooling treatment caused relaxation in the presence of either ion, which increased with repetition of the cooling treatment.
By rewarming the preparation, a phasic contraction, which increased in height with repetition of the treatment, was observed.
These effects in the presence of Mn2+ or La3+ were also observed in the absence of Ca or in pre parations treated with caffeine in Ca-free solution (Ca-deprived preparation). Verapamil was capable of depressing these effects of Mn2+ and La3+. These results suggest the involvement of influxed Ca in the initiation of tension development by cooling.
The decrease of extrusion through the cell membrane and/or uptake by intracellular binding sites at low temperature may be the cause of the cooling induced tension development.
Mn2+ or La3+ induces the tension development by their direct actions on contractile proteins which are differently affected by the changes in temperature.
Depolarized smooth muscle of guinea-pig vas deferens shows a contractile response to the lowering of temperature (1, 2) . This contractile response was not observed in polarized preparations and was dependent on extracellular Ca. However, it is still uncertain whether tension development is induced by an influx of extracellular Ca or by a release of intracellular bound Ca. Therefore, it is wor thwhile to study actions of agents which are known to block Ca-influx on cooling induced contracture, especially in the pre sence of Ca.
Verapamil and nifedipine are known as Ca antagonists in various smooth muscles (3) (4) (5) , as are manganese ion (Mn2+) and lanthanum ion (La3+) (4, (6) (7) (8) (9) . Especially, the former two drugs have been known to block the tonic contraction of K-contracture of vas deferens (10, 11) . In the present study with these agents, some differences were observed between the effects of Ca an tagonists and those of multivalent cations.
Materials and Methods
Guinea-pigs weighing 400 to 600 g were used. Vasa deferentia were dissected from abdomen, and longitudinal preparations of 5 mm long were made from the epididymal portion of the vasa. Preparations were mounted in an organ bath made of glass and incubated in modified Tyrode solution of the following composition: 137 mM NaCl, 2.7 mM KCI, 2.0 mM CaCl2, 1.0 MM MgCI2, 11.9 mM NaHC03, 0.4 mM NaH2PO4, 5.6 mM glucose, equilibrated with a gas mixture of 95% 02 and 5% C02 (pH 7.2). The depolarizing solution (K-Tyrode solution) was made by replacing all the NaCI in the solution with KCI. In the experiments with Mn2+ or La3+, the buffer system was changed to Tris buffer adjusted to pH 7.2 at 35'C using 12.3 mM of tris (hydroxymethyl) amino methane and was aerated with 100% 02. No correction of the change in pH due to the alteration of temperature was made since similar changes in pH at 35°C made by adding NaOH had no significant effect on the tension of depolarized preparations when compared with that of cooling (Sunano and Miyazaki, unpublished observation). The temperature was controlled by altering the temperature of the circulating water in the outer chamber of the organ bath and was monitored by an electronic thermometer placed in the incubation medium.
Results

Effects of Ca and Ca antagonists
on cooling-induced tension development: Figure 1 shows the effects of cooling on the depolarized preparation.
Lowering of the temperature from 35°C to 20°C caused an increase in tension as shown in the middle recording of this figure. In the isotonic measurement, the tonic contraction of high K-induced contracture was higher than that in the isometric recording, and only a slight change in the tension was observed by cooling.
The tension development was highly dependent on extracellular Ca and dis appeared in the absence of extracellular Ca as shown in Fig. 2 and as preliminarily reported (2) . The dependency was more pronounced when the Ca concentration was increased;
cooling-induced tensions at Ca concentrations of 5 mM and 10 mM were 202±11.5% (mean+S.E., n=6) and 325± 15.0% (mean±S.E., n=6), respectively, of the control (at Ca concentration of 2.0 mM). The tonic contraction at 35'C increased only to 116% and to 1 31 % at these respective Ca concentrations.
Verapamil of 10-8 to 10-7 M depressed the tonic contraction and at a concentration higher than 5x10-1 M, abolished it. The cooling-induced tension development was also depressed and was abolished at the corresponding concentration of verapamil (Fig. 3) . Figure 3 also shows the effects of nifedipine on cooling-induced contracture. Nifedipine of 10-8 M relaxed the tonic contraction by 75%, and cooling treatment in the presence of nifedipine of this concentration caused a relaxation instead of a contraction. Nifedipine at a concentration higher than 10-7 M caused complete relaxation of the tonic contraction and completely blocked the changes in tension by cooling. These effects of verapamil and nifedipine were counteracted by increasing Ca concen tration in the K-Tyrode solution; the effects of 10-' M verapamil and 10-8 M nifedipine were counteracted completely by 3 to 10 mM of additional Ca in all five preparations, and higher concentrations of Ca were required for larger doses of each drug.
2. Effects of Mn2+ and La3t: Mn2+ and La3+ at concentration higher than 0.1 mM showed a relaxing effect similar to that of verapamil or nifedipine on high-K-induced tonic contraction. The effect was, however, transient and reversed into a contraction, though it occurred extremely slowly. When the cooling treatment was applied in the presence of these ions, a relaxation of the preparation, instead of contraction, was observed. In addition, a small phasic con traction appeared when the preparation was rewarmed to 35°C (Fig. 4) .
Since K-Tyrode solution with the Tris buffer system was used in these experiments, the influence of this buffer system was checked in the absence of Mn2+ or La3t Tension development by cooling became faster, but was depressed in Tris-buffer solution as can be seen by comparing Figs. 1 and 4; and in some preparations (four out of fifteen), the initial tension development was followed by slight relaxation. However, the increase in tonic tension and the phasic contraction by rewarming were not observed in the absence of Mn2+ and La3+. In addition, the tension development by cooling in Tris buffer solution was abolished by these ions as described above.
The basic tension decreased more rapidly when the cooling treatment was repeated. The relaxation by cooling also became greater with the increase in the number of repetitions. In the most of the experiments (ten out of fifteen), the phasic contraction observed by rewarming also increased with repetition, though their height varied among the pre parations. Figure 4 illustrates one typical result which shows a high amplitude of phasic contraction in response to rewarming. In these cases, a phasic contraction with a height similar to that of the high-K-induced phasic contraction was observed after five to six repetitions of the cooling treatment. However, the rewarming-induced phasic contraction then became smaller as the basic tension increased with the number of repetitions. These effects were most prominent in the presence of 2 or 4 mM La3+. Similar but weaker effects were observed by the ap plication of the same concentration of Min 2+. These effects were also observed in the absence of Ca (Fig. 5) . The removal of Ca from K-Tyrode solution caused relaxation of the preparation. When Mn2+ or La3+ was added to Ca-free solution, a slow increase in tension appeared, with cooling-induced re laxation and rewarming-induced contraction similar to those observed in the presence of Ca also being observed. All these responses increased with the repetition of the cooling treatment in a similar manner to those shown in Fig. 3B .
In some experiments, the preparation was repeatedly treated with 5 mM of caffeine for 10 min in Ca-free K-Tyrode solution with a interval of 10 min, with La3+ being added after 3 repetitions.
However, no change in the responses to cooling and to rewarming was observed with this treatment.
On the other hand, treatment with verapamil caused depression of the effects of La3+ in the presence and absence of Ca, though a more than five times higher concen tration (10-4M) was required (Fig. 5, f) .
Sr2+ could be substituted for Ca with no effect such as those of Mn2+ and La3+ being observed.
Discussion
It has been shown that extracellular Ca may play some roles in the cooling-induced tension development in depolarized guinea pig vas deferens (2, 12) . This is confirmed also in the present experiments.
Cooling-induced tension development was enhanced by in creasing Ca concentration and was abolished Note also the phasic contraction by rewarming. by the removal of Ca. Depolarization of the membrane resulting in an increase in Ca influx also seems to be essential for the tension development by cooling since it was not observed in polarized preparations (12) . Verapamil and nifedipine which are known as Ca-influx blockers blocked high-K induced tonic contraction and tension development by cooling. The results indicate that the increase in Ca-influx due to de polarization of the cell membrane is necessary for the cooling-induced tension development as a first step. The blocking effect of these drugs was counteracted by increasing ex tracellular Ca concentration.
The results also support the assumption that influxed Ca would trigger the tension development by cooling. The abolition of cooling-induced tension development by Mn2+ or La 31 may also be explained by the inhibition of Ca influx (6) (7) (8) (9) in the same manner as the case of the Ca antagonists described above. intracellular organellae may also be the cause of the tension development.
Mn2+ or La3+ caused the relaxation of the tonic contraction and inhibition of the cooling-induced tension development as described above. However, the relaxation was reversed by slow re-elevation of tension. A possible explanation for the re-elevation of tension in the presence of Mn2+ or La 31 is that it was induced by a slow leaky release or displacement of intracellular bound Ca under the condition in which the influx and efflux of Ca through the cell membrane were inhibited (9) . However, elevation of the tension could also be observed in the absence of Ca and in the preparation which was treated with caffeine in Ca-free solution. The latter treatment has been thought to derive Ca from intracellular binding sites (17, 18) . In addition, Mn2+ and La3+ have been reported to show little effect on Ca movement of microsomes; they especially failed to initiate the release of Ca (19) (20) (21) .
Moreover, verapamil blocked the elevation on the tension by these ions.
An alternative explanation is that the elevation of the basic tension may be induced by influxed Mn2+ or La3+ under a depolarized condition. Itoh et al. (22) , for example, have reported that Mn2+ caused contraction of skinned smooth muscle, though a high concentration of the ion was required, indicating the activation of contractile protein by Mn2+. La3+ can also activate the con tractile reaction of muscle protein (23) .
The relaxation observed by the cooling treatment in the presence of Mn2+ or La3+ would be brought about by the decrease in the influx of these ions or in the reaction of the contractile reaction to these ions (24) which is, somehow, differently affected by changes in temperature from that to Ca. The phasic contraction observed by rewarming the preparation can be explained by a sudden increase in the membrane permeability to these ions. These ions would be taken up by intracellular organellae and/or be extruded through the cell membrane until a new equilibration is achieved. How ever, experiments on the effects of these ions on contractile proteins and on the movements of these ions in this preparation are required.
